Nature has produced a huge number of natural fibers with high potential to reinforce the properties of many composites [1] [2] [3] . When compared with most synthetic fibers, natural fibers are low cost, are easier to handle, have appropriate specific mechanical properties, have low density, and require only around 20%-40% of the production energy. Using natural materials increases energy efficiency while promoting the concept of sustainability [1, 4, 5] . These are some reasons that have led to reduce the use of petroleum-based nonbiodegradable composites and focus the attention on the development of bio-based composite materials in which at least one component is from renewable resources [6] . Lignocellulosic polymer composites are generally engineering materials in which polymer (obtained from natural/petroleum resources) is used as matrix and the lignocellulosic component (most commonly natural fibers) is from renewable resources and acts as reinforcement to provide the desired characteristics in the resulting composite material. Depending on its source, the lignocellulosic fraction can be used in the form of fibers or particles. In terms of reinforcement, typically the word leads to the increase of the mechanical performance; however, in the field and more particularly in this chapter, it will be also considered when the increase of a specific property of the resulting composite material is achieved. Thus, the reduction of the density (i.e., lightweight material) or the improvement of the thermal properties of the composite is also considered reinforcement.
Introduction
Nature has produced a huge number of natural fibers with high potential to reinforce the properties of many composites [1] [2] [3] . When compared with most synthetic fibers, natural fibers are low cost, are easier to handle, have appropriate specific mechanical properties, have low density, and require only around 20%-40% of the production energy. Using natural materials increases energy efficiency while promoting the concept of sustainability [1, 4, 5] . These are some reasons that have led to reduce the use of petroleum-based nonbiodegradable composites and focus the attention on the development of bio-based composite materials in which at least one component is from renewable resources [6] . Lignocellulosic polymer composites are generally engineering materials in which polymer (obtained from natural/petroleum resources) is used as matrix and the lignocellulosic component (most commonly natural fibers) is from renewable resources and acts as reinforcement to provide the desired characteristics in the resulting composite material. Depending on its source, the lignocellulosic fraction can be used in the form of fibers or particles. In terms of reinforcement, typically the word leads to the increase of the mechanical performance; however, in the field and more particularly in this chapter, it will be also considered when the increase of a specific property of the resulting composite material is achieved. Thus, the reduction of the density (i.e., lightweight material) or the improvement of the thermal properties of the composite is also considered reinforcement.
The cork industry is mostly represented in the southeast European zone, where 60% of the world's Quercus suber L. plantation area is established. Research and development on cork and cork by-products is of high concern for knowledge transfer, which is essential in the cork industry's strategy and valorization, promoting the development of new materials. Cork-polymer composite (CPC) is one of the most promising fields in cork technology to produce new materials based on sustainable development. Cork combined with polymer matrices, such as thermoplastics, thermosetting, and bio-based polymeric matrices, can result in sustainable products for different sectors of application with economic and environmental benefits. Thus, different meltbased technologies such as extrusion, pultrusion (i.e., palltruder), injection molding, compression molding, and its combination are employed to obtain the final composite materials. The main drawback with the use of natural-based components such as lignocellulosic materials in polymeric composites is their hydrophilicity due to the high surface concentration of hydroxyl group, which leads to poor interface and moisture resistance. Thus, it is possible to employ different reinforcement strategies that improve the lignocellulosic-matrix compatibility via (i) the structure of the matrix, by employing coupling agents [7] [8] [9] , and (ii) the use of natural fibers combined with cork (i.e., hybrid composites) [10] [11] [12] or by chemically modifying the fiber surface [13, 14] . Indeed, all of these strategies lead to cork-based composites with improved mechanical properties. In the literature, the use of the main chemical components of cork (i.e., suberin and lignin) as bio-based coupling agents through a reactive extrusion process to improve polymer-cork interfacial bonding was successfully proposed [15] . Moreover, cork also offers economic and environmental advantages over traditional inorganic reinforcements and fillers.
The combination of cork with polymeric matrices results in a significant added value to cork-based materials, with high potential for a wide range of innovative applications in different areas, including civil construction, transports, aeronautics, naval construction, and furniture [5] .
Cork material

Structure and chemical composition
Cork is a cellular material composed of empty closed polygonal cells with a size of, ~20-40 μm that are oriented in the radial direction of the tree. Polygons with faces in the range between 4 and 9 have been observed, the most common ones being pentagons, hexagons, and heptagons. In the nonradial directions (i.e., tangential and axial ones), its cells present a rectangular shape within the same size range, where the long axis is coincident with the radial direction of the tree ( Fig. 17.1 ) [16] [17] [18] . The thickness of the cell wall is ~1-2 μm in all directions. In addition to this structure, cork also presents a series of lenticular channels that are oriented in the radial direction of the tree used to transfer oxygen, carbon dioxide, and water from/to the environment, through cork to/from the inner part of the tree [19] . Their number can vary significantly, and its presence is typically associated with the corks' quality; while a higher number of lenticels usually produce a lower density structure, the presence of a lower number of lenticels and more corrugated cell walls produces cork with a higher density.
While the microscopic structure and morphology of cork are important characteristics that define most of its properties, its chemical composition is also important to consider. As any natural material, cork also presents a wide chemical variability that is affected by the region where the tree is planted [20] and the meteorologic conditions that the tree was subject during the formation of its bark, that is, cork [21] . We can divide the chemical constituents of cork into suberin, lignin, polysaccharides, and extractives [16, 18, 20] . Suberin is a polyester-based structure ( Fig. 17 .2A) [18, 22] and is the most abundant component in cork (contributing to between 33% and 50% of cork) [16, 20, 23] ; lignin is a polyether and is the second most relevant component ( Fig. 17.2B ) [24] , accounting between 13% and 29% of cork [16, 20, 25, 26] ; the polysaccharide fraction (composed of cellulose and hemicellulose) is usually present in cork at a percentage between 6% and 25% [16, 20] ; the extractive fraction is highly variable (present at a percentage between 8% and 24%) and is regarded as the precursor of suberin, lignin, and polysaccharides, and it is usually composed of phenolic and polyphenolic compounds, terpenes, condensed tannins, and waxes, among other chemical structures [16, 20, [27] [28] [29] [30] .
Cork components have been fractionated from cork powder biomass and tested for a series of applications that range from pharmaceuticals and cosmetics (e.g., friedelin and polyphenols) [31, 32] to polymer synthesis [33] [34] [35] [36] , adsorbents [37] , and antibacterial films [38] .
Properties and environmental sustainability
The empty closed cell morphology of cork entraps air in the inner part of the cells that is not expelled during compression creating an elastic response under mechanical pressure. This organization is also one of the main responsibilities for the high recovery rates of cork [39] and its near-zero Poisson coefficient [40] .
These properties are the basis of the generalized use of cork as stoppers for wine bottles. In this case, its capacity to limit the oxygen exchange to levels appropriate for wine aging and not to promote its extended oxidation has also been a key factor to maintain cork as the best choice for stoppers [41] . Stoppers are still the most widespread and important application for cork; however, there are a series of other uses that exploit corks' properties and generate materials and products that are unique, such as floorings, wall coverings, and acoustic and thermal insulation panels, among others [16, 18] . Industries develop these materials with cork due to its capacity to absorb the impact (due to its elasticity and recovery), to reduce the propagation of acoustic waves, and to limit the heat exchange throughout the closed cell structure. These materials are highly competitive in terms of performance when compared with synthetic ones. In addition to technical performance, cork has the major advantage of being a renewable natural material, whose harvesting does not harm the tree and, in fact, promotes its regeneration. The first cork harvesting is executed after 25 years of the cork oak plantation and, afterward, systematically every 9 years [42] . While being natural and renewable are appealing characteristics, the condition for harvesting is one of its major industrial limitations: the large timeframe between harvestings (and the large space needed between trees in their plantations that reduces the density of trees) limits the availability of this raw material for processing purposes.
In an environmental perspective, its sustainability is supported by the abovementioned characteristics; in particular, the fact that the tree is not harmed during harvesting (contrary to wood) allowing the existence of plantations composed of trees during their whole natural life cycle contributes to a significant carbon sequestration. The maintenance of the cork oak plantation is supported by the industrial value of cork. However, the environmental benefits go beyond the tree itself: the natural environment within the cork oak plantations is of enormous natural richness, being the regions where protected species (e.g., eagles and falcons) can find a secure place to proliferate.
Cork composites
Composites are heterogeneous materials having two or more solid phases, which are in intimate contact with each other on a microscopic scale [43] . According to the standard ASTM D 3878, composite material is defined as a substance consisting of two or more materials, insoluble in one another, which are combined to form a useful engineering material possessing properties different than the ones shown by the individual constituents [44] . Thus, this chapter does not explore, for instance, the potential of cork sandwich structures, cork agglomerates, and expanded cork (also known as black agglomerated) that is used as an insulation product.
Cork is one of the finest natural materials with high acoustic insulation properties due to its porous structure. In addition, cork presents high water resistance due to its hydrophobic nature that can be seen as a relevant advantage when compared with other lignocellulosic materials, such as wood.
Research involving cork and cork by-products combined with thermoplastics and, more recently, with bio-based matrices has been conducted, preferably using extrusion-based systems to obtain the final product or to obtain cork composite pellets that are further used in injection molding or compression molding. As for other lignocellulosic composites, the final properties of these cork composites are dependent of the processing conditions. Thus, the properties of a cork composite can be tailored for a specific application by varying the compounding process, amount and cork particle size, chemical or surface treatment and type, and the amount of coupling agent. Studies conducted with different CPC formulations have shown the potential of this natural-based product on the development of sustainable composites with improved characteristics in terms of low water absorption (WA), fire resistance, impact resistance, and insulation properties.
Chemical modification and use of adhesion promoters
A proper integration of the cork filler in the composite matrix is governed by the interfacial compatibility between both materials. When combining cork with apolar thermoplastics, the interfacial regions are the weakest sections in the composite structure [45, 46] . However, there are a series of chemical treatments that can be performed to the disperse phase, the polymeric phase, or in both to improve the stability of the composite and enhance the interfacial bonding between the filler and the matrix. In relation to the cork biomass, these treatments include mercerization, grafting, and plasma treatment, among other approaches that have been also used for the optimization of wood-and fiber-based composite formulations [45, [47] [48] [49] [50] . Under these methodologies, composites prepared through the compounding of polypropylene (PP) with mercerized cork (using sodium hydroxide at concentrations ranging from 0.01 to 0.1 M) did not present an improvement in the mechanical performance [13] . The same authors also suggested the silanization and the use of compatibilizers, such as maleic anhydride (MA) modified PP, to improve the mechanical properties of the cork-PP composites. Both strategies resulted in composites with 15% higher tensile modulus (with silanized cork) and 33% higher flexural modulus (using the MA modified PP as adhesion promoter) when compared with PP alone [13] . The use of MA modified polymers has been also tested with high-density polyethylene (HDPE). In this case, the use of MA-HDPE as an additive during the processing of cork-HDPE composites improved both its tensile modulus and strength [15] . This functionalization strategy also reduced the WA of the cork-HDPE composites in a range between 33% and 66% during the first 15 days of immersion [15] . The hexanoylation of cork particles has been also tested to improve the interfacial bonding between cork and polycaprolactone (PCL). This modification increased the tensile modulus of the cork-PCL composites up to 50% [14] .
There is a set of other modification methodologies that have been used specifically on cork, namely, the extraction of its water-soluble fraction [51] , which generates a modified cork biomass that, combined with PP, yields composites with an improved tensile modulus (up to 7% higher) when compared with cork-PP composites prepared with untreated cork. A series of water extraction timeframes have been tested, and cork with only 1 h of treatment revealed to be the most appropriate, while in higher timeframes, a reduced increment of the mechanical performance was observed [51] .
Reactive extrusion has been also tested in the preparation of functionalized CPCs. While this methodology has been used also in the preparation of wood-based composite systems, to our knowledge, the exploitation of the cork components as functionalization agents has been restricted to cork-based composites. Cork components, such as suberin and lignin, have been tested as promoters of adhesion between the cork and polymeric phases, such as HDPE and low-density polyethylene (LDPE) [15, 52] . Suberin acted as plasticizer agent with antioxidant benefits for the polyethylene (PE) composites, while lignin works as a coupling agent, increasing both tensile modulus and strength and improved the thermal stability [15] . In addition, chemically modified suberin (extracted from birchbark) has been also tested as functionalization agent ( under this methodology) to promote the adhesion between cork and LDPE. The results indicate an increment of the tensile strength and maximum strain and a reduction of the elastic modulus of the cork-LDPE functionalized composite [52] . The results confirmed the suitability of these components to improve the mechanical performance of the composites and the interfacial bonding between the disperse phase (cork) and the matrix (thermoplastic).
Processing and properties
Cork-polymer composites
Polyolefins, like PE and PP, are two of the most commonly used polymers with a wide range of applications. Polyolefins are one of the preferred choices among the commercial polymers because of their excellent combination of chemical and physical properties along with low cost, superior processability, and good recyclability [53] .
The cork industry produces considerable amounts of cork powders resulting from the final stages of cork processing stages or resulting from existing cork products, such as cork flooring products typically with density ranging from 157 to 400 kg m −3 [7] . Usually, these powders are burned and are used to heat boilers in industrial processes. The previously referred thermoplastic matrices (i.e., HDPE and PP) were combined with cork biomass using melt-based technologies such as pultrusion to obtain the composite pellets and further compression molding to obtain boards with appropriate dimensional stability [7, 8] . These works used high amount of cork powder (i.e., 50 wt%) from different origins combined with different thermoplastic materials that can be transformed into a highly valued composite products as shown in Fig. 17.3 . The cork-based composite pellets showed lower density as compared with the used thermoplastic matrices, indicating the potential to obtain lightweight composites. The morphology of the surface fractures indicated a good dispersion of the cork and a good adhesion between both phases, preferably in the presence of low amounts of coupling agent based on MA [7] . Further work compared the properties of the developed CPC with commercially available products, namely, medium-density fiberboard (MDF) and high-density fiberboard (HDF). It was found that the CPCs have good dimensional stability, lower water uptake, better acoustic insulation performance at high frequencies, and similar behavior in terms of hardness and fire resistance when compared with both MDF and HDF. While the mechanical strength was lower compared with both commercial materials (i.e., MDF and HDF), it was also observed that the addition of cork improved the flexural modulus, impact resistance, and hardness on the developed CPC [8] . In a recent work, cork biomass was combined with polyvinyl chloride (PVC) in different concentrations as a recycling strategy [54] . It was found that the incorporation of coupling agent based on maleic anhydride (PVC-g-MA) enabled the elimination of the adverse effect of cork biomass, improving the tensile strength. Thus, using cork biomass combined with high-consumption thermoplastic matrices resulted in a composite material to be considered and applied in the design of flooring and building strategies to achieve greater strength and rigidity for specific applications.
The production of lignocellulosic composites through melt-based technologies is strongly limited by the available range of temperatures and processing times that do not promote the degradation of the lignocellulosic part. In fact, at temperatures around 180-200°C, it is observed a significant thermal degradation of cellulose and the residence of the melt for long periods of time at these temperatures decreases the mechanical properties of the final composite. Therefore, the processing of these composites must be limited to temperatures at lower range of degradation and for limited processing times, avoiding significant damage to the lignocellulosic fraction and reduced composite performance [4, 55] . The moisture content at a given relative humidity also can have a great effect on the biological performance of a composite made from natural fibers. Cork, as a material of hydrophobic nature, presents a low moisture content. This is a clear advantage in comparison to wood, that due to its high-water absorption capacity can compromise the integrity of the wood-based composites [56] .
The particle size of the cork biomass is another important factor to be considered when compounding it with polymeric matrices. Cork particles and powder were compounded with PP by twin-screw extrusion and further processed by injection or compression molding [57] . The cork composites revealed good distribution and dispersion with interesting esthetic characteristics. Low cork content (5 wt%) reinforces the stiffness of the PP. The addition of PP-g-MA up to 8 wt% promotes an increase on the tensile strength. The PP-cork composites presented reduced WA, and in general, the tensile properties of the PP-cork composites were not significantly affected after the WA tests. Moreover, the WA was found to increase with the increment of cork content and was reduced with the use of a coupling agent based on MA. It was also found that cork acts as nucleating agent and promotes antioxidant protection to the PP matrix [57] [58] [59] . The addition of low cork content improves the thermal resistance, while increasing the bio-based component increases the composite density and its thermal conductivity. In terms of processing, the addition of cork to the thermoplastic matrix reduces considerably the viscosity and consequently the melt flow index (MFI), while the addition of the coupling agent (based on MA) to the polyolefin-cork system promotes opposite effect improving the mixability [57] . The rheological properties of PP-cork composites for injection molding were recently studied keeping the same matrix/cork weight ratio and varying the cork particle size distribution [9] . Rheological analyses showed that all composites exhibited non-Newtonian, pseudoplastic behavior. Related to neat PP, cork incorporation led to a clear viscosity increase. This increase is more significant in the CPC with the lowest cork particle size. On the other hand, the addition of coupling agent results in a decrease of CPC viscosity, in accordance with other study that reports MFI tests [57] .
Polymers from renewable resources have attracted an increasing attention, predominantly due to two major reasons: firstly, environmental concerns and secondly, the fact that our petroleum resources are limited [60] . More recently, CPC materials were produced using bio-based polyester matrices such as synthetic polymers from natural monomers, named poly(lactic acid) (PLA) and poly(l-lactic acid) (PLLA); polymers from microbial fermentation, such as polyhydroxybutyrate-cohydroxyvalerate (PHBV); and biodegradable polyesters, such as poly(caprolactone) (PCL) and starch-poly(caprolactone) (SPCL), starch being a natural polymer starch [14, 61, 62] . In all cases, the biocomposites showed a good dispersion of cork biomass and a strong interfacial adhesion between the cork particles and the polymeric matrices. Moreover, combining melt mixing or extrusion followed by injection molding processes reduces significantly the composite density by the use of cork biomass [14, 61] . Thus, by using this strategy, it was possible to obtain lightweight cork biocomposite materials. Fig. 17.4 shows a possible application as biodegradable caps for wine bottles [61] , obtained by two melt-based steps: extrusion to produce the bio-based cork composite pellets and injection molding, the last process being used for the formation of parts with excellent dimensional accuracy. In this work, it combined different biodegradable aliphatic polyesters (i.e., PLLA, PHBV, PCL, and SPCL) with cork at 30 wt%. Some of the presented solutions in Fig. 17 .4 resulted in 100% renewable material. Thus, the combination of cork with bio-based polymeric matrices can generate composites of 100% natural origin that are fully biodegradable. These materials are highly relevant for eco-friendly applications, where sustainability plays a relevant role. In this study, the cork biocomposites were engineered to satisfy acceptable stiffness, strength, and in-service durability while maintaining the tendency for rapid out-of-service biodegradation [56, 61] .
Hybrid CPCs
Hybrid composites are one of the emerging fields in polymer science that brings attention for its application in various sectors ranging from automobile to the construction industry [63] . The incorporation of two or more fibers into a single polymer matrix leads to the development of hybrid composites. Hybridization can improve the mechanical properties of single fiber-reinforced polymer composite [43] . The mechanical properties of lignocellulosic composite depend upon reinforcement, matrix, and adhesion between them, and the failure of any parameter may cause the failure of others.
Maximum hybrid results are obtained when the fibers are highly strain compatible [64] . The properties of the hybrid system consisting of two components can be predicted by the rule of mixtures [64, 65] , as presented in Eq. (17.1):
where P H is the property to be investigated, P 1 the corresponding property of the first system, and P 2 the corresponding property of the second system. V 1 and V 2 are the relative hybrid volume fractions of the first and second system and V 1 + V 2 = 1.
In literature, relevant references can be found referring to the potential and the principal challenges of this reinforcing strategy [1, 43, 63, 66] . Hybrid composites formulated with two different types of lignocellulosic fibers are not common. However, they present an environmental advantage compared to composites that are constituted by the more widespread combination of natural and synthetic fibers [63] .
The mechanical properties of cork biomass are much lower when compared with the common lignocellulosic fibers; however, the combination of cork biomass with natural fibers will result in a composite higher stiffness and higher natural component in the final solution. Cork-based composites have been reinforced with different short natural fibers (i.e., coconut, wood, and sisal fiber) and synthetic fibers (i.e., glass P PV PV H = + fiber) to improve the mechanical performance under tensile, impact, and bending loads [10, 12, 67] . These hybrid cork-based composites were produced using HDPE as matrix and applying twin-screw extrusion followed by compression molding. In those works, it used a cork ratio of 40-50 wt%. This reinforcement strategy showed that the lignocellulosic-matrix interaction was improved via (a) the use of the natural fibers, (b) by modifying the fiber's surface, (c) via the matrix, or (d) by employing coupling agents resulting in composites with considerably higher mechanical properties. Hybrid CPCs using HDPE as matrix were combined with short sisal fibers [10] . It investigated the use of chemical fiber treatment and the addition of a coupling agent on the composite formulation that contains 40 wt% of cork biomass. Sisal fibers were modified using alkali treatment, and the FTIR analysis revealed some lignin and wax from the fiber surface promoting a cleaner fiber surface to interact with the matrix. Moreover, X-ray diffraction revealed a small increase on the crystallinity, confirming the surface modification of the sisal fibers. Mechanical tests indicated some loss on the fiber's mechanical performance in terms of maximum strength after treatment, probably due to the reduction of the fiber thickness and some removal of the hemicelluloses and lignin. The mechanical properties of those hybrid composites under flexural load showed a reinforcement of the matrix in terms of stiffness and strength that was achieved mainly after alkali treatment to the sisal fibers in combination with the low amount of the used coupling agent, as present in Fig. 17 .5 (formulation CPC6).
The flexural properties using alkali-treated sisal fibers with coupling agent show an increase of 33% in flexural modulus and an increase of 98% in the strength when compared with unreinforced cork composites. The alkali treatment leads to higher mechanical properties of the composites since cellulose has higher mechanical performance than lignin and increases the specific surface area leading to a better interaction with the matrix [10] . Higher mechanical properties were obtained by using short wood fibers also in the presence of a coupling agent based on MA [12] . Typically, under those reinforcement strategies, the high strain of the matrix is considerably reduced by the incorporation of a high content of lignocellulosic component (i.e., cork biomass and/or natural fibers). Moreover, mathematical models, such as Weibull function, were applied to predict the mechanical properties of the CPC composite safety limits, being in agreement with the mechanical tests. The morphology of the hybrid composite fractures after mechanical testing can elucidate the importance in improving fiber-matrix interaction, as shown in Fig. 17.6 . In this case, coconut fiber was used to reinforce the CPCs [67] . Fig. 17 .6A shows a lack of adhesion between coconut fibers (10 wt%) and the cork-polymer phases, clearly observed in the presence of voids, while Fig. 17 .6B shows a good interfacial adhesion between the coconut fibers and the polymeric matrix. In this last case, the fracture of the coconut fiber occurred preferentially at the same level of the composite fracture. Generally, coupling agents are molecules that present two functions: (i) the first is to react with the hydroxyl groups of cork and of cellulosic fibers and (ii) the second is to react with functional groups of the matrix. The expected result is the reduction on the number of these groups that contribute to the lowering of these hydrophilic characters, promoting the compatibility between the matrix and the natural component.
Indeed, different natural fibers (i.e., short and long fibers) should be tested, and the cork surface modification attempted to promote cork-matrix compatibility. A deeper understanding of the complex nature of cork and natural fibers and their surface properties is still needed in order to take advantage of this complex system. Using materials like natural-based composites that reduce construction waste and increase energy efficiency would provide a solution to immediate infrastructure needs while promoting the concept of sustainability.
Cork rubber composites
Cork composites with rubber are made by mixing and binding cork granules with natural or synthetic rubber, where they combine the properties of the two materials [68] . Cork, as cellular material, presents high compressibility and recovery characteristics with a near-zero Poisson coefficient [16, 68] , while rubber shows higher lateral expansion under compression load and small recovery after deformation. Moreover, the low mechanical resistance of cork is compensated by the rubber component that acts as matrix.
Regarding the processing, the cork and rubber particles present low particle sizes and are thoroughly mixed with cross-linking agents and catalysts, among other additives, such as antioxidant agents and color masterbatches. The mixture is then homogenized and repeatedly roll pressed to obtain a homogenous past that is further injected or compression molded before the temperature induced the cross-linking polymerization [68] . In this area, different rubber types can be used to provide different properties (nitrile, neoprene, natural rubber, and synthetic rubber), and these can be combined with different cork particle sizes to impart the composite with properties relevant for different applications.
Cork rubber composites are mainly used as: gaskets and sealing devices for the automotive industry; vibration and acoustic insulation panels; energy absorption devices; footwear; specific gaskets for electric transformers; and nonslip materials. Thus, the dielectric properties of the material are highly relevant and were addressed, for instance, in a study of isotactic PP nitrile rubber blends [69] . The effect of the addition of fillers on the dielectric properties was investigated for different fillers and their concentrations. It was found that the fillers affect the dielectric properties: the silica filler induced an increase of the dissipation factor, whereas cork biomass induced a reverse trend for concentrations higher than 10 wt%. Moreover, in the design of these composites, it is important to consider changes with the temperature. The literature indicates modification of the dielectric properties of cork, which occurs as a consequence of heating above 60°C [70] . It was suggested that the modification of the dielectric properties arises from desorption, induced by heating or evacuation, of water molecules absorbed in the cork structure. The performance of different cork rubber gaskets to seal combustion engines was also investigated. The study showed that cork rubber composites have adequate sealing properties for gasoline and blends of gasoline with ethanol [71] .
Cork-polyurethane composites are rubber-like materials that result from the combination of cork particles with a polyurethane gel. It has its potential use in products such as comfort enhancement devices, for instance, in shoe systems, and vibration damping. Thus, computer-aided engineering tools have been applied to predict the mechanical response of these cork rubberlike materials and its suitability for particular loading case scenarios [72, 73] . These studies revealed that the cork-polyurethane gel composite materials are mechanically characterized by a nonlinear elastic behavior at large deformations (hyperelastic behavior) and a dissipative behavior evidenced by the hysteretic effect that occurs during loading-unloading cycles. The effect of the cork filler on the mechanical properties of the polyurethane elastomeric bearing materials for passive isolation was also conducted [74] . It was shown that the addition of cork filler into polyurethane composites yields an increase in stiffness and a decrease in the elongation at break. The developed polyurethane-cork composite materials presented better damping properties and were proposed to be used as a bearing pad for acoustic and vibratory isolation for railway and underground lines.
Industrial applications
Cork biomass is a lightweight natural material from renewable resources. The incorporation of cork in polymers through melt-based technologies has become an effective approach to develop new sustainable materials promoting added value to cork biomass. In the last two decades, applications of CPC products have been developed, the use of gaskets for the automotive industry being one of the most relevant applications. In the last decade, a series of lignocellulosic-based composites were developed for decking applications, industrial insulation systems, handles in tools, among others. Some of these representative examples are shown in Fig. 17.7 .
The partnership between companies, Pallmann, Wacker, and Amorim Group, resulted in a product containing cork biomass and polymer using the constituents in powder form [75] . It is highlighted that by applying different polymeric matrices, it is possible to obtain a range of cork composite materials from rigid to highly flexible formulations. Fig. 17 .7A presents a machine known as a double-belt press, which has been used to bond the cork layers to wafer-thin slate sheets under high pressure and temperatures of roughly 180°C.
A composition of a composite product composed of 60% of cork mixed with 40% of VINNEX powder was applied as slate-cork flooring. As it was pointed out before, the difference in terms of volume between the constituents is very high, a challenge in terms of processing in this area of application. The natural cork and VINNEX powder binder are blended together to form homogenized pellets as presented in Fig. 17 .7B that can be used in a further melt-based process [76, 77] . The Thermofix Technology Center GmbH presented a hybrid composite solution based on 30% cork biomass (i.e., cork flour), 30% of coconut fiber, and 40% polyvinyl acetate (PVAc) polymer [78] . Similar to the previous product, the mixture is melt compounded and granulated. The resulting particles are dispersed on a press and consolidated under heat and mild pressure to give a composite board. The resulting board can be used for indoor applications, that is, wall covering or floor covering systems.
A different CPC material produced by the company Greenfiber Tech, known as SmartComposite (see Fig. 17.7C ) obtained by extrusion, is also highly representative of the potential of this area. This product not only presents some similarities to wood plastic composites) but also intends to compete to the oriented strand board products that are the most-used sheathing and subflooring material. This CPC is composed by a PP matrix compounded with two different types of natural fibers/particles, being one of them cork. The resulting products are envisaged for outdoor furniture, terrace decking and naval construction, siding, structural elements, and shoe industry components [5, 79] . The new formulations show significantly enhanced properties regarding swelling, water uptake, and density. For special applications, the good fire resistance of cork can be also an advantage [80] .
As highlighted before, cork is a lightweight and stable material with water resistance and good insulation properties. Cork rubber gaskets combine the properties of those constituents and can be manufactured with different filler rubbers, such as (i) styrene butadiene rubber (SBR) cork for oils and low-pressure applications; (ii) nitrile rubber (NBR) cork for oils, fuels, and gases; and (iii) neoprene cork that generally combines the weather and oil resistance of the polymer with the resilience of the cork. This blend has become widely used where low-cost, low-pressure gaskets are required for electric transformers, (iv) silicone cork for use with special oils in the automotive and electric industries, and (v) nitrile cork that gives very good oil and fuel-resistant gasket material, which is widely used in the automotive and general engineering industries. There are different designs and colors of these types of cork rubber gaskets as presented in Fig. 17.7D [81,82] .
A partnership between Hexpol, Muller Kunststoffe, and Elasto resulted in a product named lifocork that can be obtained using thermoplastic processing methods [83] , and one of those potential uses is shown in Fig. 17 .7E. Lifocork can be processed using both standard injection molding equipments and under two-component molding machines. It is also referred an excellent bond to thermoplastic elastomer (TPE), PP, and PE matrices. Other processing methods include extrusion or thermoforming with a double-belt press system. Possible uses are pointed for handles and grips, trays, boxes, and plant pots and toys. It is also possible to make foamed parts from Lifocork, therefore giving lightweight parts. In this case, its uses are envisaged to give a damping, shock absorbent effect, ideal for orthopedic shoe lifts and inserts. In all industrial applications, the use of standard masterbatches, such as pigments, opens even more design possibilities in the development of CPC solutions.
The interest in additive manufacturing techniques also called 3D printing has been growing in different fields of application. Additive manufacturing is the process of joining materials to make objects from computer-aided design model data, usually layer upon layer using an extrusion head, and allows to replicate complex architectures. A recent example in this area is called EasyCork [84] , which is a lightweight filament composed of PLA and filled with ~30 wt% of cork that can be used in fused deposition modeling equipments. This composite filament allows to obtain 3D printing objects with cork-like esthetics and cork-like properties.
Conclusions and future trends
The uses of CPCs obtained through melt-based technologies and its principal properties, last developments, and industrial applications in different fields as lightweight and sustainable materials were discussed in this chapter. The use of lignocellulosic material, such as natural fibers and cork biomass in industrial applications, provides challenges for researcher to develop suitable techniques that are able to produce good quality CPC materials. Some of the recent interests in this area include the production of lightweight bio-based CPCs and the potential of low-molecular-weight fractions from cork (i.e., extractives) as antioxidant stabilizers in polymers, already with some promising results. The findings reported in these previous studies showed that the general properties of CPCs reveal the required (i) dimension stability with reduced water absorption; (ii) homogeneous distribution and dispersion of the cork particles in the polymer matrix; (iii) improved fire resistance to the polymeric matrix promoted by cork and good thermal and acoustic insulation properties, compared with MDF and HDF; and (iv) an interesting range of mechanical properties potentiating the application in different areas. The potential application of these composites in the construction sector may include flooring and floor frames, wall covers, electric protection systems, and outdoor applications such as decking, tables, chairs, benches, and trash bins for gardens. As it was pointed out before, some companies are effectively exploring the potential of the CPC materials creating added value to cork biomass.
Research in CPCs ranges from fundamental studies to applied and/or oriented ones. Since cork biomass presents different chemical composition, as compared with other lignocellulosic materials, it lacks more knowledge on the chemistry of those composites to take advantage of the unique characteristics of this natural material. It is also important to look similar areas of application and find efficient manufacturing systems to produce structural CPCs and strategies to produce complex parts. For some applications, there is a need to develop appropriate mathematical modeling and computational simulation concepts to support the structural optimization and the failure prevention of the new design solutions. In terms of manufacturing using melt-based technologies, more understanding should be helpful in the rheological properties of the different cork-polymer compositions, preferably monitoring them under in-line conditions. It is also expected to see the production of lightweight CPCs using foaming strategies, by utilizing either physical or chemical blowing agents. The combination of cork with different polymeric matrices answers to specific challenges of their indoor or outdoor uses; thus, the UV and weather resistance should be considered and strategies to improve fire resistance. The use of nondestructive characterization techniques to address the mechanical behavior, such as full-field measurements or other relevant information of those composite structures, will be of interest in this field. Life cycle assessment methodologies for companies should also be conducted to evaluate the potential of these developments, in particular considering the forest feedstock supply chains to fulfill the future demand of forest biomass.
The future outlook for development in the field of lignocellulosic polymer composites and particularly of CPC materials is promising due to their inherent eco-friendly potential, low density, insulation, and esthetics, among other advantages. Challenges still exist in the CPC field and will tend to increase the interest of researchers and product designers in seeking for new routes to effectively use their solutions and to overcome the drawbacks on cork composite materials in different respective fields of application.
